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Isoprene is a volatile compound emitted from leaves of many plant species in large quantities, which has an impact on atmospheric chemistry due to its massive global emission rate (5 Â 10 14 carbon g year -1
) and its high reactivity with the OH radical, resulting in an increase in the half-life of methane. Isoprene emission is strongly induced by the increase in isoprene synthase activity in plastids at high temperature in the day time, which is regulated at its gene expression level in leaves, while the physiological meaning of isoprene emission for plants has not been clearly demonstrated. In this study, we have functionally overexpressed Populus alba isoprene synthase in Arabidopsis to observe isoprene emission from transgenic plants. A striking difference was observed when both transgenic and wild-type plants were treated with heat at 608C for 2.5 h, i.e. transformants revealed clear heat tolerance compared with the wild type. High isoprene emission and a decrease in the leaf surface temperature were observed in transgenic plants under heat stress treatment. In contrast, neither strong light nor drought treatments showed an apparent difference. These data suggest that isoprene emission plays a crucial role in a heat protection mechanism in plants.
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Introduction
Isoprene (2-methyl-1,3-butadiene) is a volatile C 5 terpenoid that is released mainly from the leaves of many deciduous broad-leaved trees, such as Salix, Quercus and Populus species, as well as some herbal plants . Of the massive amounts of biogenic volatile organic compounds (VOCs) released into the atmosphere, isoprene is the dominant molecular species, representing 44% of the annual global VOC flux that is estimated as 1,150 Tg (T ¼ 10 12 ) carbon per year, and higher plants are its main natural source (Guenther et al. 1995) . This level of emission into the atmosphere is similar to that of methane, the most abundant naturally emitted hydrocarbon (Guenther et al. 1995) .
Recent studies have demonstrated that isoprene in plants is biosynthesized from dimethylallyl pyrophosphate (DMAPP), which is supplied by the 2-C-methyl D-erythritol 4-phosphate (MEP) pathway in plastids by isoprene synthase (IspS; Fig. 1A ) (Schwender et al. 1997) . In poplar, foliar isoprene emission depends on IspS activity, i.e. the emission rate increases with the temperature and parallels the enzyme activity (Kuzma and Fall 1993, Lehning et al. 1999) . This direct correlation is also due to the feature of this volatile secondary metabolite that it is not stored or catabolized in leaves (Sharkey et al. 1991) . In a previous study, we demonstrated that the strong increase in the enzymatic activity is the result of the transcriptional up-regulation of the IspS gene in P. alba leaves by heat and light (Sasaki et al. 2005) .
It has been demonstrated that isoprene emission rates are correlated not only with photosynthetic photon flux densities (Sharkey and Loreto 1993) but also with leaf development (Kuzma and Fall 1993) . Moreover, isoprene is presumed potentially to provide general protection against environmental stresses, such as water deficiency Loreto 1993, Sharkey and Singsaas 1995) , singlet oxygen-induced damage (Affek and Yakir 2002) and high temperature by helping photosynthesis via stabilization of the thylakoid membranes (Singsaas et al. 1997 ). This hypothesis was partly supported by the application of heterogenous isoprene and other alkenes to fosmidomycinfed leaves of both isoprene emitters and non-emitters, by means of which an elevation of thermotolerance was observed . Fosmidomycin is an inhibitor of 1-deoxy-D-xylulose-5-phosphate (DOXP) reductoisomerase (DXR), and it suppressed isoprene emission at the concentration used in the literature without affecting photosynthesis.
Heterologous expression of the kudzu IspS gene in Arabidopsis and isoprene emission was demonstrated in transgenic Arabidopsis (Sharkey et al. 2005 ), but phenotypic alteration was not elucidated. In order to clarify the argument regarding the physiological role of isoprene, we have also in this study overexpressed the P. alba isoprene synthase (PaIspS) gene in Arabidopsis, which does not possess an IspS gene in its genome, and examined the isoprene emission from transgenic plants and the physiological influence of isoprene production. The expression of PaIspS caused isoprene emission in Arabidopsis plants, and the transgenic plants showed clear tolerance to heat stress, but not to strong light or drought stresses. These data provide direct evidence that the physiological function of isoprene emission is to protect the plant specifically from heat stress.
Results

Expression of PaIspS in transgenic Arabidopsis plants
The full-length PaIspS cDNA was subcloned into a binary vector under the control of a 35S promoter to yield pGWB2-PaIspS (Fig. 1B) . This plasmid was introduced via Agrobacterium tumefaciens (strain pMP90) into Arabidopsis plants by a standard protocol. In the T 1 generation, the integration of the PaIspS gene was confirmed by genomic PCR. RNA gel blot analysis using total RNA prepared from seedlings (T 2 ) of transgenic and wild-type plants showed that the mRNA for PaIspS cDNA accumulated in many transformants, as shown in Fig. 2 , while the mRNA level varied substantially between independent transformants. There was no detectable band from wild-type Arabidopsis. For further analyses, we utilized four independent transformants with different mRNA expression levels of PaIspS, lines 2 and 15 with a high level of expression and lines 18 and 25 with a low level of expression.
The enzymatic activity of IspS in these transformants and wild-type plants was then measured. Cell-free extracts prepared from leaves of transformants showed clear IspS activities (21-29 mkat mg protein -1 ), which, however, were lower than the native IspS level in P. alba leaves (82.8 mkat mg protein -1 ) (Sasaki et al. 2005) . Wild-type leaves did not show any IspS activity, as presumed from the absence of the gene in the genome (Fig. 3) .
Isoprene emission from transgenic Arabidopsis
Because IspS proteins were functional in transgenic Arabidopsis plants, we measured the emission of isoprene using transgenic Arabidopsis plants as well as the wild type for comparison. We estimated the isoprene flux using sealed pots, where transgenic or wild-type plants were grown. The same size pots filled with soil but without plants were used as a negative control, which gave the same trace isoprene level as open air. The wild-type Arabidopsis plants showed low but apparently higher levels of isoprene emission (22 pmol h -1 plant -1 corresponding to 158 pmol h -1 g DW -1 ) than the negative control, indicating that A. thaliana may emit a very low level of isoprene (Fig. 4) ) (Sasaki et al. 2005) . The deviation of isoprene emission was relatively high among measurements, but statistically significant differences were observed in the high PaIspS expression clone No. 15. The isoprene emission rate from seven other transformants (IspS 3, 6, 7, 9, 11, 14 and 28) was also analyzed, but the emission level of these clones was within the same range as those of four representative transformants.
Phenotype analysis of transgenic Arabidopsis plants
Transgenic plants expressing PaIspS showed a weak phenotype alteration, appearing to be larger than wild-type Arabidopsis plants. Supplementary Fig. S1A-C shows that the leaf number of the transformants was larger than that of the wild type (1.3-to 1.5-fold), resulting in a 1.9-to 2.2-fold increase of the total weight of all rosette leaves of each transformant compared with the wild type. These phenotypic changes were only observed in the leaves of plants up to the bolting stage, and not in young seedlings, roots, siliques or seeds ( Supplementary Fig. S1D, E) .
The leaf size of a plant is defined by two basic parameters, i.e. cell size and cell number. Supplementary  Fig. S1F and G shows a representative leaf epidermis from these lines and the statistical comparison, respectively. The comparison of the cell size revealed a tendency for the IspS-expressing Arabidopsis to have a larger cell size at least in the leaf epidermis of both adaxial and abaxial sides (Supplementary Fig. S1F , G). The F v /F m values and the quantum yield of PSII in actinic light at 100 mmol m -2 s -1 monitored by PAM did not differ between the wild type and transformants, suggesting that the cell size phenotype is presumably not due to differences in photosynthetic activity, at least as assessed by the photochemical yield of PSII (data not shown). We also compared the chlorophyll contents between transgenic and wild-type plants, but no difference was observed (data not shown). Possible mechanisms of the influence of isoprene production on leaf size are discussed later.
Stress tolerance for transgenic Arabidopsis
Our previous study demonstrated that PaIspS gene expression in poplar was up-regulated by heat and light treatments, which are in general simultaneously given to plants in the summer time, but it is still to be clarified whether or not the isoprene emission is responsible for tolerance to either stress. We then examined the tolerance of transgenic Arabidopsis plants to stresses by high intensity light and heat treatments. While strong light irradiation increased PaIspS gene expression in poplar, the treatment with excess light at levels toxic for Arabidopsis
) did not show a clear protective effect in isoprene-emitting Arabidopsis transformants compared with wild-type plants (Fig. 5A ). Less strong light irradiation, such as 180 mmol m -2 s -1 , was also tested, but no difference was observed. In contrast, transgenic clones revealed apparent tolerance to heat treatment at 608C for 2.5 h under low light conditions, as shown in Fig. 5B . Under this heat stress, leaves of the wild-type plants incurred severe visible damage, while transgenic plants tolerated this treatment. This difference was apparent at 608C, i.e. no difference was observed at 508C and no plants could survive the treatment at 708C for 2.5 h (Fig. 6 ). While Arabidopsis plants were under the heat stress condition, the surface temperature of transgenic rosette leaves was monitored with an infrared thermometer upon rapid opening of the window of the chamber (see Materials and Methods for details). Thus, the absolute values of the monitored temperature are probably lower than those during the incubation in the closed chamber, but it was found that the temperature of transgenic plant leaves was on average 5-88C lower than that of wild-type leaves, with a statistically significant difference (Supplementary Table S1 ). This temperature difference was constantly observed in randomized measurements during the heat treatment, whereas this difference was not observed before or after the heat treatment. Moreover, we found that isoprene emission from the transgenic plants was strongly induced under heat stress to reach a value 15 times higher (3.5-4.8 nmol h -1 plant -1 ) than in normal growth conditions, whereas such increases in the isoprene emission in wild-type plants were not observed.
In order to estimate if exogenously applied isoprene exhibits a similar effect to that observed in PaIspS transformants, whole plants or detached leaves of wildtype plants were treated with the same heat stress as applied above in closed culture vessels to which isoprene was added. We employed three different isoprene concentrations, (i) 22.5 ml l -1 headspace ) corresponding to 225 nmol l -1 headspace; (ii) 670 nmol h -1 l -1 headspace according to endogenously produced isoprene in P. alba; and (iii) 170 pmol h -1 l -1 headspace, which is the concentration of endogenously produced isoprene in transgenic Arabidopsis. However, this experiment did not show any apparent thermotolerance compared with the negative control where no isoprene was added (data not shown). In addition to Arabidopsis, detached leaves of P. alba were also treated with the same thermostress in the presence of heterogenous isoprene added to the headspace, but we could not observe any differences in the appearance of the leaves between the treatments with and without isoprene (data not shown).
To assess if this stress tolerance is specific for heat, or also valid for other stresses, we cultivated PaIspSexpressing Arabidopsis plants under drought stress (3 weeks), cold stress (48C, 3 weeks), oxidative stress with methyl viologen (3 mM for 9 d) or salt stress (100 mM NaCl for 9 d) (Ohara et al. 2004) . Transgenic plants might be susceptible to drought stress ( Supplementary Fig. S2 ), whereas the difference was small compared with the thermotolerance. No apparent differences in other stress treatments between wild-type and transgenic plants were observed in the preliminary experiments (data not shown), suggesting that the stress tolerance conferred by the isoprene emission was specific for heat.
Expression of genes involved in isoprenoid pathways
As isoprene emission increased during heat treatment, the supply of the substrate of IspS, DMAPP, might increase due to the heat treatment. First, we investigated the expression of representative genes in the MEP pathway, which supplies DMAPP in plastids, in transgenic Arabidopsis at 218C. Semi-quantitative reverse transcription-PCR (RT-PCR) showed that the expression levels of these genes changed slightly in each line ( Supplementary  Fig. S3 ), but a strong influence due to PaIspS expression was not observed in the transformants when compared with the wild type. We also examined the expression level of representative mevalonate (MVA) pathway genes coding for regulatory enzymes, which provide DMAPP in the cytosol, because a possible cross-talk between the MEP and MVA pathways across the plastidal membranes has been suggested recently at the compound level in plants (Hemmerlin et al. 2003) . However, PaIspS expression did not affect these genes either ( Supplementary Fig. S3 ). Then, we investigated whether or not the expression of genes in the MEP pathway was up-regulated by heat treatment. Semi-quantitative RT-PCR analysis in wild-type plants showed that the expression levels of DOXP synthase (DXS), DXR, MEP synthase (MCS) and 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate (HMBPP) synthase (ispG) genes slightly increased after the heat treatment (1.2-to 1.5-fold) (Fig. 7A) . In contrast, the expression of DXS and DXR genes, which are regulatory genes in this pathway, was strongly induced at 608C in transformants (1.3-to 2.1-fold) compared with the wild type (Fig. 7B) . This increment in the expression of both genes paralleled the expression level of PaIspS in transgenic plants. Although in low PaIspS-expressing lines, Nos. 25 and 18, reduced expression was observed for other genes, such as MCS, ispG and ispH, compared with the wild type, the up-regulation of two regulatory genes may contribute to the increment of isoprene emission by transgenic plants under high temperature conditions.
Contents of isoprenoid metabolites in transgenic Arabidopsis
It is possible that the strong expression of heterologous PaIspS may influence the isoprenoid metabolites in transgenic plants due to the utilization of DMAPP in vivo as the common precursor for all terpenoid compounds. Thus, we investigated whether or not the overexpression of PaIspS affected the contents of MEP pathway products, such as carotenoids. We also measured sterol components in both transgenic and wild-type plants for comparison. Carotenoid contents were not affected by PaIspS expression, showing almost the same level between the wild type and transformants (Supplementary Table S2 ). Contents of various sterols, MVA pathway metabolites, also did not differ between the wild type and transformants (Supplementary Table S2 ).
Discussion
The global emission of isoprene of 500 Tg C year -1 , which is discarded from plant leaves into the atmosphere every year, corresponds to about 1,000 Tg of timber (Fengel and Wegener 1984) . Considering the carbon assimilation efficiency of plants, this is a considerable loss of photosynthetic products. The physiological role of isoprene emission has therefore been a source of considerable debate in the field of plant biology as to why many plant species employ this metabolic activity despite the inefficiency of primary carbon assimilation.
The possible involvement of isoprene emission in thermotolerance was proposed by Sharkey and other researchers (Singsaas and Sharkey 2000 , Velikova and Loreto 2005 . Thus far, two major 
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mechanisms have been hypothesized for thermotolerance of isoprene. First, isoprene interacts electronically with the double bonds of fatty acids in the thylakoid membrane and stabilizes them by resonance under high temperature. Secondly, isoprene serves as an antioxidant in plant leaves. Velikova and Loreto indicated that the accumulation of H 2 O 2 was associated with the proportional reduction of photosynthesis, and isoprene is a very effective molecule for preventing both H 2 O 2 accumulation and photosynthesis reduction, especially under high temperature and strong light intensity (Velikova and Loreto 2005) . However, those experiments were done with detached leaves of isopreneemitter plants, such as aspen, oak and kudzu, and the effects were evaluated mainly by photosynthetic activity over a short period such as 15 min, or with bleaching of leaves. These studies elucidated the thermotolerance mechanism of isoprene as model experiments, but the direct involvement of isoprene emission in heat tolerance in whole plants was still to be clarified.
In this study, we used whole plants, which were free from wound stress and drought stress, and first evaluated the thermotolerance in a more direct manner, namely whether or not isoprene-emitting plants can survive under the high temperature in which wild-type plants cannot. Our data in Fig. 5 provide direct proof that isoprene emission has a benefit for plants in order to tolerate heat stress. In previous reports, an appreciable contribution of isoprene to thermotolerance was demonstrated at moderately high temperature such as 35 or 468C, and for short period such as 15 min (Singsaas and Sharkey 2000 , Velikova and Loreto 2005 , and the contribution was not apparent at higher temperatures or longer treatment times. One of the reasons for this is the transient increase followed by the quick decrease in the native isoprene emission from emitter plants at temperatures higher than 408C, which may be due to the decrease in substrate supply and in IspS expression. In contrast, PaIspS is constitutively expressed in transgenic Arabidopsis by the 35S promoter in our experiments, and isoprene is constantly supplied without such a negative feedback. Indeed much higher isoprene emission was observed in transgenic plants under heat treatment ($15-fold) compared with 218C in this study, and the strong increase in the expression of regulatory genes to supply DMAPP also contributed to the high isoprene emission under heat treatment (Fig. 7) . The high optimum temperature of PaIspS at approximately 408C is also another positive factor for the high isoprene synthesis under heat treatment (Sasaki et al. 2005) . Thus, such striking effects could be observed in the isopreneemitting plants under high temperature for a long period (608C, 2.5 h).
Because plants have a sessile life where they germinate, they should have highly sophisticated tolerance mechanisms for many different environmental stresses. In nature, excess light and high temperature, under which isoprene emission increases, are often concurrent stresses imposed on plants during the summer. Contrary to the clear thermotolerance of transgenic plants, isoprene emission did not seem to play a role in the protection from strong light stress, or any of the other stresses examined in this study. A surprising observation was that the leaf temperature monitored in transgenic plants was 5-88C lower than in the wild type under heat treatment, while the difference was not observed at room temperature (Supplementary Table S1 ). In addition to two mechanisms mentioned above, i.e. thylakoid membrane stabilization and antioxidant function, isoprene emission may contribute, at least partly, to thermotolerance in plants by removal of heat by an unknown mechanism. The maximum temperature for the validity of thermoprotection by isoprene will be between 60 and 708C in transgenic Arabidopsis (Fig. 6) .
The transgenic Arabidopsis plants overexpressing IspS seemed to have larger leaf sizes compared with wild-type plants ( Supplementary Fig. S1 ). However, the effect of isoprene on plant growth may be considered as an indirect effect of the heterologous expression of a foreign terpene synthase gene, because a hormone-like effect is unknown for isoprene, whereas PaIspS may influence the biosynthesis of terpenoid hormones, such as ABA and gibberellin (Barta and Loreto 2006) .
More than 30 genes are predicted to be terpene synthases in Arabidopsis due to their sequence homology to known terpene synthases. PaIspS showed 42% amino acid identity with the multiple product type monoterpene synthase of Arabidopsis (Chen et al. 2003) , and the second most similar sequence was myrcene/ocimene synthase with 41% identity (Bohlmann et al. 2000) . It is presumed that Arabidopsis does not possess a bona fide IspS, and indeed no enzymatic activity was detected (Fig. 3) , although low levels of isoprene emission were observed by the sensitive detection method employed in this study (Fig. 4) . This isoprene may be derived from the non-enzymatic decomposition of DMAPP or other metabolites in the cells.
From the evolutionary point of view, it can be presumed that the plants potentially had an ability to produce isoprene in order to tolerate high temperature, and plants growing in tropical rain forests have kept the IspS gene, whereas plants that prefer a cool climate or evolved other thermotolerance mechanisms did not retain the IspS gene. Further detailed physiological analysis to elucidate the mechanism of thermotolerance by isoprene will be feasible by use of isoprene-emitting transgenic plants as well as RNAi plants of an isopreneemitter species.
Materials and Methods
Plant material and growth conditions, and reagents
Arabidopsis thaliana plants (ecotype Columbia) were grown on soil (pot size, 6 cm in diameter; soil, about 100-120 g) in growth chambers with a 16 h light (120 mmol m -2 s )/8 h dark cycle at 258C, unless otherwise stated. DMAPP was synthesized according to the method of Cornforth and Popjak (1969) .
Transformation of Arabidopsis thaliana with PaIspS
The entry vector construct pDONR221-PaIspS (Sasaki et al. 2005 ) was subjected to the GATEWAY TM system (Invitrogen, San Diego, CA, USA) to transfer the full-length cDNA of PaIspS into the binary destination vector pGWB2 for constitutive expression by LR recombination according to the manufacturer's instructions. Agrobacterium tumefaciens GV3101 (pMP90) was transformed with the binary vector, and was used to transform Arabidopsis Columbia wild-type plants by the floral dip method (Clough and Bent 1998) . Transformants of the T 1 generation were grown on germination medium supplemented with 50 mg ml -1 kanamycin for selection before transfer to soil. The number of unlinked T-DNA loci within each line was determined by analyzing the segregation of kanamycin resistance in the progeny (T 2 generation).
RNA gel blot
Total RNA of Arabidopsis plants was prepared from 200 mg seedlings by an RNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA). Northern blot analysis was carried out using total RNA (7.5 mg) by a standard procedure, and the transgene was detected with the full-length PaIspS cDNA as a hybridization probe.
Preparation of cell-free extract from transgenic Arabidopsis leaves
All procedures were carried out at 48C. For the preparation of cell-free extracts, the rosette leaves of 6-week-old Arabidopsis plants (4 g) were homogenized in 100 mM potassium phosphate buffer (pH 6.8, 12 ml) containing 20 mM dithiothreitol (DTT) and 0.8 g of polyvinylpolypyrrolidone using a mortar and pestle. The homogenate was centrifuged at 9,500Âg for 30 min to remove the cell debris. The supernatant was concentrated by Ms. BTAURY-KN (ATTO, Tokyo, Japan), and then passed through a Sephadex PD-10 (GE Healthcare, Tokyo, Japan) column equilibrated with 50 mM Tris-HCl buffer (pH 8.0) containing 20 mM MgCl 2 , 5% glycerol and 2 mM DTT, and the eluate was used as the cell-free extract for the IspS assay.
Enzymatic reaction
The cell-free extract (3.5 ml) was incubated at 408C with 10 mM DMAPP in the presence of 20 mM MgCl 2 in a sealed glass vessel. Volatile compounds in the headspace (12 ml) of the reaction mixture were trapped with Solid-Phase Micro Extraction fiber (SPME) (Supelco, Bellefonte, PA, USA), which was directly injected to a gas-liquid chromatograph (GC-14B; Shimadzu, Kyoto, Japan) equipped with a flame ionization detector (injector, 2508C) and an InertCap 5 capillary column (0.53 mm Â 30 m long, 2 mm film thickness, 5% diphenyl, 95% dimethylpolysiloxane, GL Science, Tokyo, Japan). The temperature program was from 408C (5 min hold) to 2508C at a rate of increase of 308C min -1 . The enzymatic reaction products were identified by direct comparison with an isoprene standard. The enzyme assay was carried out in triplicate.
Collection of headspace samples of Arabidopsis plants
Each plant growing in a pot (6 cm in diameter) was enclosed in a glass vessel (1.3 liter) with a screw cap with a silicone septum. The vessels were then placed in a photoincubator (LX-2200, TAITEC, Saitama, Japan) at a temperature of 24 AE 18C. Photosynthetically active radiation near the plants was measured and found to be about 100 mmol m -2 s -1
. The isoprene emission rate was determined by measuring the headspace isoprene concentration produced from the plant samples in the sealed vessel. Headspace air (10 ml) was taken through the septum by using a gas-tight glass syringe at the initiation of enclosure and 30 min after enclosure. The enclosure measurements were made for five individual plants for each clone.
GC-MS analysis of isoprene in air samples
Air samples were analyzed using a pre-concentration/ gas chromatographic/mass spectrometer (GC/MS) (Saito and Yokouchi 2006) . The pre-concentration unit consisted mainly of a trap containing Carbopack B (graphitized carbon, 60/80 mesh, Supelco) and Carboxene 1000 (carbon molecular sieve, 60/80 mesh, Supelco) and two six-port switching valves (Valco instruments Co., Inc., Houston, TX, USA). Air samples were injected into the inlet of the pre-concentration unit and were passed through the trap maintained at 08C using liquid CO 2 . Compounds in the air samples were collected in the trap and were then desorbed by an increase in temperature to 2508C. The thermally desorbed compounds were recollected at the top of a capillary column (0.32 mm ID Â 20 cm long), which was placed in a liquid nitrogen bath. Then, the liquid nitrogen bath was removed from the column by the rapid thermal desorption of the collected compounds, and GC/MS analysis was started.
GC/MS analysis was performed in a selected ion monitoring mode with an HP 5890 Series II GC with an HP 5972 MS (HewlettPackard Company, CA, USA). An HP-5 capillary column (0.32 mm ID Â 60 m long Â 1 mm film thickness, Hewlett-Packard) was used for GC separation. The GC oven temperature was initially held at 358C for 5 min and then raised to 2308C at a rate of 58C min -1
. The MS was used in selected ion monitoring mode, and isoprene was detected using its parent ion (m/z ¼ 67). Calibration of the measurements was performed using a gravimetrically prepared standard gas (Taiyo Toyo Sanso Co., Ltd, Osaka, Japan). The detection limit (s/n ¼ 3) was estimated to be 200 p.p.t. (parts per trillion), and the relative standard deviation calculated for five measurements of ambient air samples was 5% for isoprene.
Measurement of cell number and size of leaf epidermis
Seeds of Arabidopsis were sown in a mixture of soil and vermiculite (1 : 1), and plants were grown under 16 h light (150 mmol m -2 s -1
)/8 h dark at 218C. Rosette leaves from 4-weekold seedling were cut and fixed by soaking them in 70% ethanol for 48 h, which were then treated with 4% NaOH solution for 10 d to remove mesophyll cells. After washing, epidermal cell layer samples were stained with aqueous 0.1% toluidine blue for 60 s and washed with distilled water. Samples were observed with an Olympus BX-50 microscope equipped with a SensiCam PCO CCD camera and examined using the AnalySIS 3.0 image analysis program. Three leaves from each line were analyzed, and 163-894 cells were analyzed per epidermis for both adaxial and abaxial epidermis. For the statistical analysis, a box plot was used (Tukey 1977) (http://www.netmba.com/statistics/plot/box/). In brief, the box itself contains the middle 50% of data, the upper edge of the box indicates 75% of the data points and the lower edge indicates 25%. The line in the box indicates the average of the data. If the average line is squeezing the bar right in the middle, the data points are distributed evenly. Otherwise the data points are concentrated at either end and the average is then squeezing the bar from lower or higher values. The ends of the vertical lines indicate the minimum and maximum data values.
The measurement of photosynthetic electron flow
Photosynthetic electron flow was measured with a PAM2000 Chlorophyll Fluorometer as described by Kishine et al. (2004) . Outer rosette leaves of 5-week-old Arabidopsis plants were used for the experiment.
Chlorophyll quantitation
For chlorophyll extraction, leaves of 5-week-old plants were harvested and homogenized using a pestle in the presence of 80% (v/v) acetone. After centrifugation, chlorophyll content was determined according to a published method (Arnon 1949) .
Stress treatments of transgenic Arabidopsis plants
Heat ) for 2 h 30 min, during which time leaf temperature reached a plateau at the latest after 10 min. Then, they were transferred to the normal growth condition and kept for 7 d. The reproducibility of this thermotolerance experiment was confirmed by repeating the same experiment four times.
Temperature monitoring with thermography is not feasible during the heat treatment because it is designed to be utilized below 508C. Thus, the temperature on the leaf surface of five plants was monitored by rapid opening of the window of the chamber, and the measurement was achieved during 2-10 s with an infrared thermometer (AD5611, A&D, Tokyo, Japan). The wavelength of laser to indicate the measuring point is 670 nm and the responsive wavelength is 8-14 mm, in which the emissivity of plant leaves is estimated to be 0.95-0.99. The emissivity of the infrared thermometer was set at 0.95. The monitored temperature was calibrated by the external standard with a thermometer. To avoid any artifact, the position of individual plants was randomized after monitoring and the measurement was repeated at least six times (at 10, 20, 30, 60, 90 and 120 min) during the heat treatment; the experiment was done in triplicate.
For the isoprene exposure experiment, 4-week-old Arabidopsis plants were grown in normal conditions, and then plants were put in an agriculture pot (400 ml), to which isoprene was added, and were incubated at 608C for 30 min or 2.5 h. These plant samples were transferred to normal growth condition for 2 d. In addition to whole plants, detached leaves of Arabidopsis and of P. alba were put in a sealed plastic pot, isoprene was added, and the leaves were observed after the heat treatment. ). To confirm the response to high light stress, plants were photographed after 8 h irradiation with high light.
Semi-quantitative RT-PCR analyses
Total RNA (2.5 mg) was subjected to semi-quantitative RT-PCR, in which Go Taq DNA polymerase (Promega Corp., Madison, WI, USA) was employed to amplify the DNA fragment of PaIspS. Primer pairs used in RT-PCR to amplify selected genes of the MEP and MVA pathways are shown on Supplementary Table S3 (Montamat et al. 1995 , Schwender et al. 1999 , Estevez et al. 2000 , Rohdich et al. 2000 , Rodriguez-Concepcion et al. 2001 , Carretero-Paulet et al. 2002 , Suzuki et al. 2004 , Hsieh and Goodman 2005 , Leivar et al. 2005 . For normalization, actin was used as an external standard. The experiment was done in triplicate.
Measurements of contents of isoprenoid metabolites
Freeze-dried plant tissues (2-week-old seedling, 10 mg) were used for measurements. Extraction, purification and quantification of sterols were performed using GC/MS as previously described by Suzuki et al. (2004) . The extraction method for carotenoids described earlier (Fraser et al. 2000) was used with care to avoid or minimize contact with heat and artificial light. The extracted products were dried under a nitrogen stream to minimize the degradation by oxidation and were stored at -808C until HPLC analysis. Samples for HPLC were prepared by dissolving the residues in ethyl acetate. HPLC was carried out on a Shimadzu LC-10A system with a SPD6A photodiode array detector (Shimadzu, Kyoto, Japan). The column WakoPak C30-5 Navi (Wako Pure Chemical Industries, Ltd, Osaka Japan, 4.6 Â 250 mm) with mobile phases consisting of methanol (A) and 2-propanol (B) was used. The gradient program used in the HPLC analysis was 100% A isocratically for 7 min, followed by a linear gradient to 100% B for 35 min. The results are shown as mean AE SD of three replicates. Carotenoids were identified using LC/ESI-MS (Shimadzu model 2010A system liquid chromatograph and mass spectrometer using an LC-10AD solvent delivery system) by comparison with standard specimens. The samples were ionized by positive-ion mode from m/z 50 to 600 under the following conditions; probe voltage, 4.5 kV; curve dissolution line temperature, 2508C; block temperature, 2008C; nebulizer gas (N 2 ) flow rate, 1.5 l min -1 .
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